Background. Genome analysis indicated that the new species Brucella microti possesses a potentially functional glutamate decarboxylase (GAD) system involved in extreme acid resistance in several foodborne bacteria. The contribution of this system in adaptation of B. microti to an acidic environment, including the intracellular vacuole and stomach, was investigated.
Brucella microti is a new Brucella species isolated from the common vole [1, 2] , red fox [3] , and soil in Central Europe [4] . To date, the potential pathogenicity of this fast-growing bacterium for livestock and humans remains unknown. Nevertheless, we have shown recently that B. microti is able to replicate faster inside macrophage-like cells than Brucella suis, a classic Brucella species pathogenic to humans and Suidae [5] .
In addition, intraperitoneal injection of a standard dose of bacteria into mice results in death of 82% of the animals within 4 days, followed by rapid clearance of the bacteria from survivors [5] . Our group has also demonstrated recently that the observed lethality in murine infection requires a functional VirB type IV secretion system, a key virulence factor of pathogenic Brucella species [6] . The improved resistance of B. microti at a pH of 4.5, combined with an increased growth rate, may represent a fitness trait for survival in the environment and/or during the infectious process [5] .
Genome comparison between B. microti and other brucellae indicates that several genes involved in the metabolism of glutamate, particularly the glutamate decarboxylase (GAD) system, present significant genetic differences [7] . In Escherichia coli, Shigella flexneri, Lactococcus lactis, and Listeria monocytogenes, the GAD system contributes to the survival of bacteria in extremely acidic environments (ex: vivo and synthetic gastric juice, the stomach of nonhuman animals, and food) [8] [9] [10] [11] [12] [13] . This system participates in the control of the cytosolic acidity via GAD activity, yielding γ-aminobutyrate (GABA) via incorporation of 1 proton and liberation of CO 2 . The GadC membrane protein functions thereby as an antiporter, importing glutamate into the cytosol and exporting GABA into the extracellular medium. Ultimately, this system contributes to the alkalinization of the extracellular environment [14] .
E. coli contains 2 distinct genes encoding 2 isoforms, GadA and GadB, of the GAD protein [14, 15] , with gadB organized as operon and gadC encoding the cognate antiporter [14] . The genome of Brucella species contains only 1 copy of a GADencoding gene, gadB, located upstream of gadC [7] . Sequence analysis showed that, in B. microti CCM4915, gadB (BMI_II334) and gadC (BMI_II335) are potentially functional, whereas in B. suis 1330, they are inactivated by a stop codon and a frameshift mutation, respectively. Notably, in all Brucella species, the gadBC genes are located just upstream of the gene for glutaminase (BMI_II336) and hdeA (BMI_II337), which encode an aminohydrolase-generating glutamate from glutamine and the HdeA periplasmic chaperon involved in the resistance of Brucella abortus 2308 to acid stress ( pH 4.5), respectively [16] .
The aim of this work was to investigate the role of the GAD system of B. microti in acid resistance and during infection.
MATERIALS AND METHODS

Bacterial Reference Strains and Media
The strains used in this study are indicated in Table 1 . Brucella and E. coli strains were grown in tryptic soy and Luria Bertani broth or on agar, supplemented, when necessary, with chloramphenicol, kanamycin, or ampicillin at final concentrations of 25, 50, or 100 µg/mL, respectively.
Glutamate-Dependent Acid Resistance Assay
Glutamate-dependent acid resistance in E. coli MG1655 was assayed as described elsewhere [17] . For Brucella survival assays, Gerhardt minimal synthetic medium, with or without glutamic acid (1.5 mM), was used at a pH of 2.5-7. Bacterial survival was measured by counting the colony-forming units 
a Abbreviations are defined as follows: fs, internal frameshift mutation; ND, sequence not determined; NE, sequence does not exist; +, presence of an ORF; (+), presence of an additional copy of the ORF on plasmid pBBR1MCS; *, internal stop-codon mutation; Δ, gene deletion. b Abbreviations are defined as follows: +, positive result (the activity of glutamate decarboxylase was detected by the shift of the pH indicator from yellow to blue following neutralization of the medium); −, negative result (absence of active glutamate decarboxylase; the GAD solution remains acidic and the pH indicator yellow). Colors were observed after 4 h of incubation at 37°C.
(CFU) per milliliter, following plating of serial dilutions onto solid medium and incubation at 37°C for 1-3 days.
Construction of gad Mutants
The single ΔgadC and the double ΔgadA/ΔgadB mutants of E. coli MG1655 were generated using the 1-step geneinactivation procedure described by Datsenko and Wanner [18] , with plasmid pKD13 as a template and specific oligonucleotide pairs ( Table 2) . To obtain the ΔgadA/ΔgadB strain, a ΔgadB strain was first constructed by replacement of the entire gadB open reading frame with a kanamycin resistance gene (Kan R ), which was subsequently eliminated with plasmid pCP20 [18] and reused to inactivate the entire gadA open reading frame.
Single and double nonpolar mutants of gadB and gadC in B. microti and B. suis were obtained by replacing an internal portion of the target gene with Kan R (Table 1) .
Homologous and heterologous complementations of the ΔgadBC mutant strains of B. microti and B. suis and of the ΔgadC and ΔgadA/ΔgadB mutants of E. coli MG1655 were obtained by transformation with plasmid pBBR1MCS, which carried the complete gadBC operon of B. microti or E. coli MG1655, each controlled by its native promoter (Table 1) . To obtain the gadBC operon of E. coli, a 5.5-kb KpnI/SacI fragment was excised from plasmid pBS-gadBC [19] ; the gadBC region of B. microti was amplified by polymerase chain reaction (Table 2) .
Colorimetric GAD Assays
This test was performed as described elsewhere for E. coli [20] . A total of 500 µL of a bacterial overnight culture in tryptic soy or Luria Bertani broth was washed once with an equal volume of sterile water. The pellets were taken up in 100 µL of GAD reagent (1 g glutamic acid, 90 g NaCl, 3 mL of Triton X-100, and 0.05 g of bromocresol green dissolved in 1 L of distilled water; pH 3.4), vortexed vigorously, and incubated at 37°C for up to 4 hours. Results of the test were considered positive if, following neutralization of the medium due to decarboxylation of glutamic acid, the color of the supernatant changed from yellow to blue.
GABA Measurements
The concentration of GABA exported by E. coli was measured using a commercial GABase assay (Sigma), as described by De Biase et al [15] . For B. microti, cells harvested from overnight cultures in tryptic soy broth at a pH of 7 were resuspended in an equal volume of tryptic soy broth at a pH of 3.5 and incubated for 1 hour prior to GABA measurement. A total of 25 µL of spent acid supernatant was then added to 100 µL of DNA fragments including the gadB, gadC, and gadBC gene(s) of B. microti were generated by polymerase chain reaction (PCR) and inserted into the pGEM-T easy vector (Promega) containing ampicillin resistance (Amp R ). To remove DNA fragments internal to the cloned genes, the resulting plasmids were digested by BsmI, ClaI, or BsmI/ClaI (New England Biolabs) for the gadB, gadC, and gadBC regions, respectively, and treated with T4 DNA polymerase to obtain blunt ends. The deleted fragment was replaced by the kanamycin resistance gene excised from plasmid pUC4K using HincII. ΔgadB and/or ΔgadC mutants were obtained by introduction of the resulting plasmids (nonreplicative in Brucella) into B. suis and B. microti by electroporation. Allelic exchange mutants were selected as Kan R /Amp S clones, and homologous exchange was validated by PCR.
The µ_gadB-op_PstI-For and µ_gadC-op_XbaI-Rev primers were used for amplification and directional cloning of a 3.6-kbp DNA fragment of B. microti containing the gadB and gadC genes. a The primers preceded by "EC" and by "µ" were used in construction of E. coli and B. microti mutant strains, respectively.
b Restriction sites are underlined, and nonhomologous regions are indicated by bold type.
c Nucleotides not matching the target sequence, but annealing to plasmid pKD13 [18] , are in lower-case.
GABA solution, as described for Listeria [9] , but without further dilution.
Macrophage and Murine Infection Experiments
The survival and multiplication of wild-type and gad mutant strains of Brucella was evaluated using human THP-1 macrophage-like cells at a multiplicity of infection of 20 bacteria/ cell [5] . All animals were female Balb/c mice (Charles River Laboratories) aged 8-9 weeks. Two groups of 15 and 44 animals each were infected by the wild-type or the ΔgadBC strain of B. microti, either by intraperitoneal injection of a sublethal dose of 10 4 CFU in phosphate-buffered saline [5] or by oral administration of 200 µL of a bacterial suspension of 10 9 CFU in sterile water. To avoid cross-feeding by animals on the feces of congeners, orally infected mice were dispatched into individual cages. Five mice per strain were sacrificed on days 1, 3, and 7 after intraperitoneal inoculation, and 14 and 8 mice were sacrificed on days 5 and 7, respectively, after oral infection; livers and spleens of all sacrificed mice were removed for CFU determination. Established and approved guidelines for animal experimentation were followed in mouse experiments. Statistical analysis of the results was performed as previously reported [5] .
RESULTS
B. microti Is a GAD-Positive Bacterial Species
Use of the qualitative GAD assay [20] revealed that B. microti was positive for GAD, whereas B. suis 1330 was negative (Table 2 ). However, a disparity was observed among the E. coli strains, as DH5α and MG1655 rapidly turned positive, whereas CC118 remained negative. Thus, the latter was used in cloning experiments because it allows rapid, GAD testbased selection of clones expressing a functional GadB enzyme.
Glutamate Increases Acid Resistance of B. microti
We determined whether the presence of glutamic acid (1.5 mM) enhanced survival of B. microti at a pH of 2.5 in vitro. The number of viable bacteria dropped only approximately 5-fold within 30 minutes in the presence of glutamate and >10 7 -fold in the absence of glutamate. No viable B. suis could be recovered under the same conditions, with or without glutamate, suggesting that this amino acid significantly contributes to the protection against acid stress in B. microti but not in B. suis.
The GAD System of B. microti Is Functionally Expressed in E. coli
To establish whether the gadBC region of B. microti could be functionally expressed in the E. coli model and restore the glutamate-dependent acid resistance phenotype in acid-sensitive mutant strains, a multicopy plasmid ( pBBR1MCS) carrying the gadBC region of B. microti was introduced into the E. coli MG1655 ΔgadA/ΔgadB and ΔgadC strains. As expected, the inactivation of gadA/gadB and gadC genes had a dramatic effect on acid resistance, resulting in a lack of GAD activity and glutamate/GABA antiport, respectively (Figure 1 ). Glutamate-dependent acid resistance in both mutants was restored by homologous and heterologous complementation, confirming that gadB and gadC of B. microti were functionally expressed in E. coli.
Furthermore, GABA was absent from the supernatant of the acid-sensitive E. coli ΔgadA/ΔgadB strain, whereas mean levels (±SD) of GABA expressed in the wild-type strain (1.42 ± 0.15 mM) and in the mutant strains complemented with gadBC of B. microti (0.90 ± 0.17 mM) or of E. coli (3.0 ± 0.3 mM) were comparable.
Activities of GadB and GadC of B. microti
To investigate activities of GadB and GadC of Brucella, single and double nonpolar gadB and gadC mutants were constructed by replacing an intragenic sequence by a kan R cassette.
Inactivation of the gadB gene of B. microti resulted in complete abolition of GAD activity, as confirmed by results of GAD tests involving the ΔgadB and ΔgadBC strains (Table 1 ). In both series of experiments, bacteria grown for ≥22 hours in Luria Bertani broth supplemented with 0.4% glucose ( pH 5), were diluted 1:1000 in Vogel Bonner minimal medium E at a pH of 2.5 containing 0.4% glucose (EG) in the presence (gray bars) or in the absence (empty bars) of 1.5 mM glutamate and incubated for 2 h at 37°C [17] . Dilutions of the original culture (time 0) were used as reference to determine the survival percentage. A total of 4-6 biological replicates were performed for each strain. Data represent means ± SDs from at least 4 independent experiments. Assay conditions in which survival of the corresponding strains was <0.001% are labeled with an asterisk.
In the presence of glutamic acid, results of the GAD test remained positive for the ΔgadC strain: GadB is released from the bacteria because of lysis, allowing glutamate decarboxylation even in the absence of a functional GadC antiporter. The wild-type and all mutants of B. suis had negative results of the GAD test. The trans-complemented strains of the B. microti and B. suis ΔgadBC mutants, expressing the gadBC regions of either B. microti or E. coli, had a GAD-positive phenotype ( Table 1) .
The amounts of GABA released in the growth medium by Brucella strains were initially measured using the same protocol as for E. coli [14] , but no GABA was detected in any of 4 biological replicates made. Production of GABA in B. microti required preinduction for 1 hour at a pH of 3.5, as described for L. monocytogenes [9] (Table 3 ). The deletion of gadB in B. microti suppressed the production of GABA, indicating that it was produced only by GadB. The absence of GABA in the supernatant of strain ΔgadC, possessing a functional enzyme GadB ( Table 1 ), showed that GABA was exported exclusively via the antiporter GadC (Table 3 ). In agreement with the in silico prediction and the results of GAD assays, GABA was not detected in B. suis (Table 3) .
Homologous complementation of B. microti ΔgadBC with both genes restored production of GABA. The concentration of the exported GABA was 4 times the concentration observed in the wild-type strain, possibly because of the presence of gadBC on a multicopy plasmid ( Table 3 ). The B. suis ΔgadBC mutant containing the same plasmid produced similar GABA levels. The concentrations of GABA produced by mutants of B. microti and B. suis expressing the heterologous gadBC genes of E. coli indicated that the GAD systems of B. microti and E. coli have identical functions.
The GAD System of B. microti Confers Resistance to Extremely Acidic pH Among Brucella
To study the possible involvement of the GAD system in the resistance of B. microti to strongly acidic pH, low-pH susceptibility assays were performed in Gerhardt minimal synthetic medium supplemented with 1.5 mM of glutamate and adjusted to pH values of 2.5-7, including the pH values mimicking that of the gastric juice ( pH 2.5-4) or the Brucella-containing vacuoles at an early stage of macrophage infection ( pH 4.5).
The strains studied were B. microti and B. suis wild-type, their isogenic gad mutants, and the complemented strains expressing gadBC of B. microti or E. coli.
No significant differences in survival in Gerhardt minimal synthetic medium at pH values of 3.5 and 4.5 versus Gerhardt minimal synthetic medium at a pH of 7 were noticed after 30 minutes of incubation (Figure 2A and B) . In contrast, following 30 minutes of incubation of identical inocula in the medium at a pH of 2.5, no viable B. suis could be detected ( Figure 2B ), whereas 20% of B. microti remained viable (Figure 2A ). The survival of the B. microti ΔgadBC mutant strongly decreased at a pH of 2.5 (10 5 -fold reduction in viability), indicating a clear involvement of the GAD system in the resistance to extremely acidic pH.
The B. suis wild-type and ΔgadBC strains, both without a potentially functional open reading frame in gadB and gadC, were killed at a pH of 2.5, whereas the complemented strains expressing the gadBC genes of B. microti or of E. coli were more resistant to a pH of 2.5, similar to that observed for B. microti ( Figure 2B ).
Behavior of the ΔgadBC Mutant of B. microti in Cellular and Murine Infection
In human THP-1 macrophage-like cells, the ΔgadBC mutant of B. microti showed an intramacrophagic multiplication rate comparable to that of the wild-type and complemented strains. The latter were not more virulent than the wild-type strain (Figure 3) . Also, the strains of B. suis expressing the gadBC genes of B. microti or E. coli were not more virulent in this cellular model of infection than the wild-type or mutant strains (data not shown). Therefore, the GAD system does not appear to play a role in the growth of Brucella during in vitro macrophage infection with an early intravacuolar pH of 4.0-4.5.
To study the role of the GAD system in murine infection, the B. microti wild-type strain was compared to the ΔgadBC mutant, using the oral and intraperitoneal routes of infection. The number of bacteria in spleens and livers of intraperitoneally injected Balb/c mice with a sublethal dose (10 4 ) of bacteria was identical for both strains (data not shown). With regard to oral infection, inoculation of 10 9 live bacteria of both strains was never lethal. Interestingly, following oral infection, bacterial survival in the liver was 60 times higher for the wild-type strain than for the ΔgadBC mutant at 7 days and, in the spleen, was 5 times higher for the wild-type strain at both time points ( Figure 4A and B). These statistically significant differences clearly indicate that the GAD system participates specifically in the adaptation of B. microti to the host following oral infection.
To confirm the correlation between the existence of a functional GAD system and increased resistance to acid among the bacteria in the stomach, the fate of the gadBC mutant administered orally in a 1-M bicarbonate solution at a pH of 7.9 was compared to that of the same strain and of the wild-type strain, both given in water. The number of viable bacteria recovered at day 5 from spleens of mice infected with the gadBC mutant in the bicarbonate solution was not significantly different from that for the wild-type strain given in water (Table S1 ). These results suggest that, following oral infection, a functional GAD system may contribute to the protection of brucellae during passage through the acidic environment of the stomach.
DISCUSSION
Brucellae are facultative intracellular bacteria transmitted to humans by consumption of nonpasteurized milk and dairy products or by direct contact with infected animals or carcasses. Inside the mammalian host, brucellae invade macrophages and adapt to the acidic environment of the early Brucella- Figure 2 . Survival at low pH of the wild-type (WT) strain, the ΔgadBC mutant, and the mutant complemented with gadBC of Brucella microti (B.m.) or of Escherichia coli (E.c.) for B. microti CCM4915 (A) and Brucella suis S1 1330 (B ). The bacteria were incubated for 30 min in Gerhardt minimal synthetic medium supplemented with 1.5 mM of glutamic acid at different pH values (7.0, 4.5, 3.5, and 2.5) at room temperature. Dilutions in Gerhardt minimal synthetic medium ( pH 7.0) were used to determine the survival percentage. Data points represent means ± SDs from 4 independent experiments. Assay conditions in which survival of the corresponding strains was <0.001% are labeled with asterisks. containing vacuole, prior to replication [21] . Thus, this pathogen is able to resist various acid stress conditions in the environment and within host cells. Isolation of B. microti strains from soil, voles, and foxes suggests that this new species is also resistant to stress in hostile environments and may be transmitted by the food chain [3] .
Resistance to acid stress may be an advantage for foodborne bacteria in adaptation to acidic environments, because it allows bacterial survival under conditions in natural habitats, food, and the gastrointestinal tract of infected hosts that are otherwise often lethal, thus increasing their fitness and virulence [9, 10, [12] [13] [14] . In E. coli, the GAD system is one of the most efficient systems involved in the resistance to extremely acidic conditions. It includes the genes gadA and gadB, both encoding a GAD enzyme, the second of which is accompanied by a downstream gene, gadC, that encodes the glutamate/ GABA antiporter protein [14] . According to the current model, the isozymes GadA and GadB convert glutamic acid to GABA in the cytosol of these bacteria with the consumption of a proton, alleviating intracellular acidification. The GadC antiporter exchanges the export of a GABA molecule with the import of a molecule of glutamic acid, which also results in the increase of extracellular pH.
Comparative genome analysis of B. microti with other Brucella organisms shows that this species possesses intact gadB and gadC genes devoid of mutations [7] . In the genomes of brucellae, both genes are located just upstream from the genes encoding a glutaminase and HdeA, with the latter participating in acid stress resistance in enteric bacteria such as E. coli, S. flexneri, and B. abortus [16] . An intact hdeA gene is present in all Brucella species.
In this work, the contribution of a GAD system to the acid stress response in B. microti was investigated. Our results showed that the resistance of B. microti to a pH of 2.5 was glutamate dependent. In agreement with the predicted amino acid sequences, B. microti was found to be GAD positive, whereas B. suis 1330 was GAD negative. In addition, B. microti was able to export GABA into the extracellular medium.
Loss of GAD activities in ΔgadB and ΔgadBC mutants of B. microti and restoration of GAD activities in a complemented ΔgadBC strain demonstrated that, in this species, GadB was the only enzyme with a GAD function. The GAD-positive ΔgadC strain was not able to export GABA, suggesting that this export was strictly GadC dependent. GAD activities in ΔgadBC strains obtained by heterologous complementation of B. microti with the gadBC fragment of E. coli and of E. coli with the gadBC fragment of B. microti demonstrated similar functions of these genes in both species.
The B. microti wild-type strain and the complemented strains survived better than the gad simple or double mutants, as evidenced by in vitro survival assays in Gerhardt minimal synthetic medium at a pH of 2.5. The involvement of the gadBC region of B. microti in extreme acid resistance was confirmed by acquisition of an in vitro acid-resistant phenotype by B. suis complemented with gadBC of B. microti. It is important to note that the gadBC region of B. microti was also highly efficient in restoring acid resistance among acidsensitive E. coli strains without either of the GadA and GadB decarboxylases or the antiporter GadC. Yet, the amount of GABA exported by strains carrying the gadBC region of B. microti was lower than that exported by the wild-type strain or by the strain carrying gadBC of E. coli. These data indicated that, even though the GadB and GadC proteins of B. microti were slightly less efficient in the export of GABA than those of E. coli, the biological effect was attained. Interestingly, the ΔgadBC mutant of B. microti possessed the same degree of resistance to pH values of >2.5 than the wild-type and the complemented strains. These results may explain why the 9 viable bacteria of wild-type strain (filled bars) and ΔgadBC strain (empty bars). The number of viable bacteria was determined at 5 and 7 days after infection. For each bacterial strain, 14 and 8 mice were sacrificed at 5 and 7 days, respectively, after infection. Values represent means ± SDs (*P < .05, **P < .01).
GAD system of B. microti did not significantly affect the survival and virulence of this species during macrophage infection experiments, knowing that the pH of the Brucellacontaining vacuole is in the range of 4-4.5 [21] . It was previously reported that gadBC genes of B. abortus 2308 do not play a role in in vitro acid resistance and in long-term survival of B. abortus in the murine model of infection [22] . However, genome sequencing of this strain has since revealed the existence of a point mutation resulting in a truncated and most likely nonfunctional GadB. The observed significant difference in the bacterial load of the spleen and liver of mice orally infected by B. microti suggests that the GAD system contributes to resistance to very acidic pH in the stomach, mediating survival of the bacteria prior to crossing the epithelial barrier and infecting phagocytic cells. This difference was therefore specific to the oral route of infection and not observed following intraperitoneal infection. In addition, results of oral infection by the gad mutant administered in a 1-M bicarbonate solution, which neutralized the acidity of the stomach, were comparable to that of the wild-type strain given in water, confirming that GAD contributed to protection against the acidic pH in the stomach. Nevertheless, as for other Brucella species, oral infections by B. microti were obtained only with a high infectious dose [23] .
In conclusion, our study demonstrated for the first time that the GAD system may play a role in the survival of a Brucella species in an extremely acidic environment. Other genes are most likely involved in resistance to pH values of ≥3, such as those encountered during macrophage infection. In fact, B. microti is not only far more resistant to low pH than B. suis, but, unlike other Brucella species, it is capable of active replication in tryptic soy broth adjusted to a pH as low as 4.5 [5] . These yet unknown, specific determinants of acid resistance among B. microti deserve further investigation.
Because B. microti maintains a functional gadBC system, it is legitimate to consider that the GAD activity confers an advantage to this species, which is likely related to its habitat or lifestyle. Extension of the study of the functionality of this system to other isolates and other Brucella species will clarify certain aspects of their ecology.
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